Cryptochromes (CRYs) are blue light photoreceptors that mediate a variety of light responses in plants and animals, including photomorphogenesis, flowering, and circadian rhythms. The signaling mechanism by which Arabidopsis thaliana cryptochromes CRY1 and CRY2 promote photomorphogenesis involves direct interactions with COP1, a RING motifcontaining E3 ubiquitin ligase, and its enhancer SPA1. Brassinosteroid (BR) is a key phytohormone involved in the repression of photomorphogenesis, and here, we show that the signaling mechanism of Arabidopsis CRY1 involves the inhibition of BR signaling. CRY1 and CRY2 physically interact with BES1-INTERACTING MYC-LIKE1 (BIM1), a basic helix-loop-helix protein. BIM1, in turn, interacts with and enhances the activity of BRI1-EMS SUPPRESSOR1 (BES1), a master transcription factor in the BR signaling pathway. In addition, CRY1 and CRY2 interact specifically with dephosphorylated BES1, the physiologically active form of BES1 that is activated by BR in a blue light-dependent manner. The CRY1-BES1 interaction leads to both the inhibition of BES1 DNA binding activity and the repression of its target gene expression. Our study suggests that the blue light-dependent, BR-induced interaction of CRY1 with BES1 is a tightly regulated mechanism by which plants optimize photomorphogenesis according to the availability of external light and internal BR signals.
INTRODUCTION
Light is not only an energy source for photosynthesis but also an informational signal that profoundly influences plant growth and development throughout the plant lifecycle, from seed germination through vegetative growth to flowering and seed formation (Fankhauser and Chory, 1997; Deng and Quail, 1999) . Plants have evolved several types of photoreceptors that perceive light signals and monitor dynamic changes in light quantity and quality. These include two types of blue/UV-A light receptors, the cryptochromes (CRYs) CRY1 and CRY2 and the phototropins PHOT1 and PHOT2, the red/far-red light-sensing phytochromes (PHYs) phyA to phyE, and the UV-B receptor UVR8 (Cashmore et al., 1999; Briggs and Christie, 2002; Quail, 2002; Rizzini et al., 2011) . Among these, CRYs and PHYs act together to regulate a broad spectrum of physiological processes, including seedling photomorphogenesis, photoperiodic flowering, circadian rhythms, and stomatal development (Ahmad and Cashmore, 1993; Guo et al., 1998; Somers et al., 1998; Tóth et al., 2001; Mao et al., 2005; Liu et al., 2008; Kang et al., 2009) . Cryptochromes are found not only in plants but also in a variety of other organisms from bacteria to humans.
In Drosophila melanogaster, cryptochrome acts as a photoreceptor to entrain the circadian clock, whereas in mammals, cryptochromes are integral components of the circadian clock (Emery et al., 1998; Kume et al., 1999) . In migratory butterflies and birds, cryptochrome is responsible for sensing the Earth's magnetic field and providing precise navigation during their long-distance migration (Gegear et al., 2010) . Arabidopsis thaliana contains two homologous cryptochromes, CRY1 and CRY2. CRY1 plays a major role in mediating blue light-inhibited hypocotyl elongation, whereas CRY2 also inhibits hypocotyl growth, but primarily under low-intensity blue light (Ahmad and Cashmore, 1993; Lin et al., 1998) . Consistent with these functions, CRY1, but not CRY2, is stable under high-intensity irradiation with blue light . CRY2 is the primary blue light photoreceptor promoting floral initiation under long-day conditions .
CRYs share amino acid sequence similarity to photolyases, flavoproteins that mediate light-dependent DNA repair (Sancar, 1994 (Sancar, , 2003 . However, CRYs lack photolyase activity and are characterized by distinct C-terminal domains (Lin et al., 1995) . The C-terminal domains of Arabidopsis CRY1 and CRY2, known as CCT1 (CRY1 C terminus) and CCT2 (CRY2 C terminus) (Yang et al., 2000) , mediate CRY signaling via direct interactions with COP1 (Wang et al., 2001a; Yang et al., 2001) . COP1 is a RING-finger E3 ubiquitin ligase (Deng et al., 1992) that regulates photomorphogenesis and flowering via its interaction with and targeted degradation of specific transcription factors such as HY5 and CONSTANS (CO) (Osterlund et al., 2000; Jang et al., 2008; Liu et al., 2008) . CRY1 and CRY2 also interact with the COP1 enhancer SPA1 (Lian et al., 2011; Liu et al., 2011; Zuo et al., 2011) , which in turn binds to and enhances the E3 ligase activity of COP1 (Seo et al., 2003) . Interactions of CRY1 and CRY2 with COP1-SPA1 lead to the disruption of the COP1-SPA1 core complex, thus promoting the accumulation of HY5-CO. Dimerization of CRYs is mediated by CNT1 and CNT2, the N-terminal photolyase-homologous regions (PHRs) of CRY1 and CRY2 Yu et al., 2007) . The dimerization of CRY2 is inhibited by BIC1 (Wang et al., 2016a) .
Overexpression of CNT1 in the cry1 mutant shortened hypocotyls in a blue-light-dependent manner. This phenotype was not related to HY5 protein accumulation, implying that CNT1 is involved in mediating CRY1 signaling independent of the presence of the C terminus of CRY1 (He et al., 2015) . Recent studies have demonstrated that CRY1 and 2 interact with PIFs (phytochrome-interacting factors) to mediate responses to low levels of blue light or high temperature (Ma et al., 2016; Pedmale et al., 2016) and that the N terminus of CRY1 interacts with AUX/IAA proteins to stabilize these proteins and inhibit auxin signaling (Xu et al., 2018) .
Brassinosteroids (BRs) are a group of polyhydroxylated plant steroid hormones that regulate numerous aspects of plant growth and development, including seed germination, stress tolerance, flowering, photomorphogenesis, and stomatal development (Vert et al., 2005; Kim et al., 2012; Zhu et al., 2013) . Extensive studies of the BR signal transduction pathway have led to the discovery of key signaling components such as BRI1 (BRASSINOSTEROID INSENSITIVE1), BKI1 (BRI1 KINASE INHIBITOR1), BAK1 (BRI1-ASSOCIATED RECEPTOR KINASE1), BSU1 (BRI1-SUPPRESSOR1), BIN2 (BRASSINOSTEROID INSENSITIVE2), and BES1 (BRI1-EMS SUPPRESSOR1), also known as BZR1 (BRASSINAZOLE-RESISTANT1). When BR levels are high, BR is perceived by BRI1, a membrane-localized receptor kinase (Li and Chory, 1997; Kim et al., 2011) . This releases the inhibitor BKI1 (Wang and Chory, 2006; Jaillais et al., 2011; Wang et al., 2011) , activates the intracellular kinase domain of BRI1, and causes BRI1 to bind to its coreceptor BAK1 Nam and Li, 2002) . Subsequently, the negative regulator BIN2 is dephosphorylated by BSU1 and inactivated through a multistep cascade of phosphorylation events (Tang et al., 2008; Kim et al., 2011) , and the transcription factors BES1 and BZR1 are released from BIN2-induced phosphorylation or are dephosphorylated by PP2A Yin et al., 2002; Zhao et al., 2002; Tang et al., 2011) . Dephosphorylated BES1 and BZR1 can then bind to their target genes and regulate their expression, ultimately leading to BR responses (Yin et al., 2005; Vert and Chory, 2006; Sun et al., 2010) . When BR levels are low, BIN2 is activated, and BZR1 and BES1 are phosphorylated by BIN2 and thus unable to bind to their target genes (Zhao et al., 2002; Vert and Chory, 2006) . Therefore, the BR signaling mechanism involves BR-induced formation of the physiologically active, dephosphorylated forms of BES1 and BZR1.
A genetic screen for Arabidopsis photomorphogenic development mutants identified det2 (de-etiolated 2), a BR-deficient mutant with a shortened hypocotyl and expanded cotyledon phenotype in the dark (Chory et al., 1991; Li et al., 1996) . Like det2, bri1, a loss-of-function mutant of a BR receptor, shows a shortened hypocotyl phenotype during photomorphogenesis (Clouse et al., 1996) . BES1 and BZR1 are major transcription factors in BR signaling that play roles in regulating hypocotyl elongation. In the gain-of-function mutants of BES1 and BZR1, bes1-D and bzr1-1D, BES1 and BZR1 are highly stable. These mutants display BR-activated phenotypes including enhanced hypocotyl elongation and are insensitive to the BR biosynthesis inhibitor, brassinazole (BRZ) (Asami et al., 2000; Wang et al., 2002; Yin et al., 2002) . By contrast, BES1-RNAi seedlings, in which both BES1 and BZR1 transcription is downregulated, have shortened hypocotyl and semidwarf phenotypes, similar to those of weak BR loss-of-function mutants (Yin et al., 2005) . BES1 and BZR1 possess atypical basic helix-loop-helix (bHLH) DNA binding domains that have similar DNA binding specificities and transcriptional activities and can bind to E-boxes (CANNTG) and/or BR response elements (CGTGT/CG) (He et al., 2005; Yin et al., 2005; Yu et al., 2011) . Many direct target genes of BZR1 and BES1 induced by BRs are involved in promoting cell elongation (Yin et al., 2005; Yu et al., 2011; Oh et al., 2012) . BES1 and BZR1 can interact with other transcription factors involved in light signaling, such as PIF4 and HY5, to regulate transcription and hypocotyl elongation (Oh et al., 2012; Li and He, 2016) . On the other hand, the protein stability of BES1 and BZR1 is negatively regulated by the E3 ubiquitin ligase COP1 or SINATs (SINA of Arabidopsis) through a 26S proteasome-dependent pathway (Kim et al., 2014; Yang et al., 2017) . Clearly, BR plays an important role in light-regulated plant development.
In this study, we screened for proteins that interact with the N terminus of CRY1, and this led to the identification of BIM1 (BES1-INTERACTING MYC-LIKE1) as an interacting protein. BIM1 is a transcriptional regulator that interacts with BES1 to enhance its activity in BR signaling (Yin et al., 2005) . We explored whether the signaling mechanism of CRY1 involved inhibition of BR signaling through direct interactions with BIM1 and/or BES1. Through a series of physiological, biochemical, genetic, and molecular studies, we demonstrate here that Arabidopsis CRY1 specifically interacts with dephosphorylated BES1 in a blue light-dependent manner to inhibit BR signaling and hypocotyl elongation. DNA-protein binding assays demonstrated that the CRY1-BES1 interaction leads to the inhibition of the DNA binding activity of BES1 and represses expression of its target genes, thereby inhibiting hypocotyl elongation. We show that BES1 is an important downstream component in the cryptochrome signaling pathway and that Arabidopsis CRY1 signaling involves the inhibition of BR signaling through its direct interaction with BES1. This interaction is thought to counteract the positive regulatory properties of the physiologically active, dephosphorylated form of BES1 in a blue light-dependent and BR-induced manner, thus inhibiting BR signaling and initiating the inhibition of hypocotyl elongation.
RESULTS

CRY1 Physically Interacts with BIM1
We previously demonstrated that the N-terminal PHR domain of CRY1 (CNT1) alone is sufficient to mediate blue light-inhibited hypocotyl elongation (He et al., 2015) , prompting us to look for potential CNT1-interacting proteins. We performed GAL4 yeast two-hybrid screening using CNT1 and identified a clone encoding BIM1, a bHLH protein that interacts with BES1, the master transcription factor in the BR signaling pathway, to enhance its activity (Yin et al., 2005) . To confirm the interaction between CNT1 and BIM1, we performed GAL4 yeast twohybrid assays in darkness and blue light by cotransforming yeast cells with a bait construct expressing the GAL4 binding domain fused to CNT1 or CCT1 (C terminus of CRY1), together with a prey construct expressing BIM1 or COP1. CNT1 interacted with BIM1 in both darkness and blue light (Supplemental Figure 1A) , whereas CCT1 did not, but it interacted with the COP1 control (Yang et al., 2001) . We also tested whether CRY2 or its N terminus (CNT2) would interact with BIM1 and found that CRY2 and CNT2 interacted with BIM1 in a blue light-dependent manner (Supplemental Figure 1B) . We performed in vitro pull-down assays using a GST-BIM1 fusion protein as bait and the MBP-CNT1, -CCT1, -CNT2, and -CCT2 (C terminus of CRY2) fusions as prey. CNT1, CNT2, and CCT2 were pulled down by BIM1 (Supplemental Figures 1C and 1D ), but CCT1 and the MBP control were not. These results suggest that CNT1 mediates the interaction of CRY1 with BIM1, whereas both CNT2 and CCT2 mediate the interaction of CRY2 with BIM1.
To examine whether CRY1 interacts with BIM1 in vivo, we performed protein colocalization analysis by transiently expressing full-length CRY1, CNT1, or CCT1 tagged with YFP, together with BIM1 tagged with CFP, in tobacco (Nicotiana tabacum) leaves. Both CRY1 and CNT1 localized to the same nuclear bodies as BIM1, whereas CCT1 did not (Supplemental Figure 1E ). We then performed bimolecular fluorescence complementation (BiFC) assays by coexpressing CRY1 fused to the C-terminal half of YFP (CRY1-cYFP) and BIM1 fused to the N-terminal half of YFP (nYFP-BIM1) in tobacco cells. As shown in Supplemental Figure 1F , YFP fluorescence signals were clearly observed in the nuclei of cells coexpressing nYFP-BIM1 and CRY1-cYFP, as well as nYFP-BIM1 and CNT1-cYFP. By contrast, no signals were detected in the nuclei of cells coexpressing nYFP-BIM1 and CCT1-cYFP, nYFP-CCT1 and CRY1-cYFP, or nYFP-CCT1 and CNT1-cYFP, but they were observed in those coexpressing CCT1-cYFP and nYFP-SPA1. These results again suggest that CNT1 mediates the interaction of CRY1 with BIM1. Next, we performed a coimmunoprecipitation (co-IP) assay with tobacco leaves coexpressing Flag-tagged BIM1 (BIM1-Flag) and Myc-tagged CRY1 proteins (Myc-CRY1). We found that CRY1 interacted with BIM1 (Supplemental Figure 1G ). Furthermore, we performed pull-down experiments with GST-BIM1 and protein extracts prepared from Arabidopsis seedlings overexpressing Myc-CRY1 (Myc-CRY1-OX) adapted in the dark and exposed to blue, red, or far-red light. GST-BIM1 pulled down Myc-CRY1 from Myc-CRY1-OX seedlings exposed to blue light, but not from dark-adapted seedlings or seedlings exposed to red or far-red light (Supplemental Figure 1H ). This indicated that the CRY1-BIM1 interaction is a specific response to blue light. BIM1 consists of three domains: the N-terminal domain, bHLH domain, and C-terminal domain (Yin et al., 2005) . Protein colocalization assays suggested that the N-terminal domain of BIM1 is essential for the interaction of BIM1 with CRY1 and CNT1 (Supplemental Figures 2).
CRY1 and CRY2 Interact with BES1 in a Blue Light-Dependent Manner in Arabidopsis Cells
Because BIM1 is known to interact and cooperate with BES1 to regulate the expression of BR-responsive genes (Yin et al., 2005) , we explored whether CRY1 might interact with BES1 and its close homolog, BZR1, in a yeast two-hybrid assay. CRY1 interacted with BES1 more strongly in blue light than in the dark, but it interacted with BZR1 strongly in both the dark and blue light ( Figure 1A ). It also appeared that CNT1 but not CCT1 mediated the interaction of CRY1 with BES1 (Supplemental Figure 3A) . We then performed His-BES1 pull-down experiments with MBP-CNT1, -CCT1, -CNT2, and -CCT2 fusion proteins. As shown in Figures 1B and 1C , CNT1, CNT2, and CCT2 were pulled down by BES1, whereas MBP and CCT1 were not. These results indicate that CNT1, like BIM1, mediates the interaction of CRY1 with BES1, whereas both CNT2 and CCT2 mediate the interaction of CRY2 with BES1.
To investigate whether CRY1 and CRY2 interact with BES1 and BZR1 in vivo, we performed co-IP assays with protein extracts prepared from tobacco leaves expressing BES1-Flag together with Myc-CRY1 or Myc-CRY2. After we found that both CRY1 and CRY2 interacted with BES1 (Supplemental Figures  3B and 3C ), we next performed BiFC assays with tobacco cells expressing nYFP-BES1 or nYFP-CCT1 together with CRY1-cYFP, CNT1-cYFP, or CCT1-cYFP and found that CRY1 and CNT1 interacted with BES1, whereas CCT1 did not (Supplemental Figure 3D ). Furthermore, CRY1, CRY2, CNT1, and CNT2 localized to the same nuclear bodies as BZR1 (Supplemental Figure 3E ), and both CRY1 and CRY2 interacted with BZR1 in a BiFC assay (Supplemental Figure 3F ). Because it is unlikely that BES1 is phosphorylated in yeast or Escherichia coli and it interacted with CRY1 and CNT1 ( Figures 1A and 1B ), we reasoned that CRYs might interact with dephosphorylated BES1 in vivo.
To examine whether CRY1 interacts with BES1 in vivo, we generated transgenic seedlings overexpressing BES1 tagged with GFP and Flag in the wild-type and cry1 mutant backgrounds (BES1-GFP-Flag-OX/WT and BES1-GFP-Flag-OX/ cry1) and subjected them to co-IP assays. We tagged BES1 with Flag plus GFP instead of Flag alone because the molecular weight of BES-Flag fusion protein is similar to that of the heavy chain of IgG, which might interfere with observing the co-IP signal. To ensure that the BES1-GFP-Flag fusion protein was biologically functional, we produced transgenic Arabidopsis plants overexpressing the same gain-of-function mutant form of BES1 as in the bes1-D mutant (Yin et al., 2002) tagged with GFP and Flag (mbes1-GFP-Flag-OX) and analyzed their hypocotyl elongation phenotype. The mbes1-GFP-Flag-OX seedlings exhibited an enhanced hypocotyl elongation phenotype in the dark as well as blue, red, and far-red light (Supplemental Figure 4 ), as reported for bes1-D (Yin et al., 2002) . Moreover, treatment with brassinolide (BL) the most active form of BR (Wang et al., 2001b) , induced the formation of dephosphorylated BES1-GFP-Flag (see below). These results indicate that the fusion of GFP and Flag to BES1 does not affect its function. (A) Yeast two-hybrid assay showing interactions of CRY1 with BES1 and BZR1. Yeast cells coexpressing the indicated combinations of constructs were grown on SD medium lacking Trp and Leu (SD-T-L) or Trp, Leu, His, and Ade (SD-T-L-H-A) medium in continuous darkness or blue light (30 μmol m −2 s −1 ). BD, DNA binding domain of GAL4; AD, DNA activation domain of GAL4 . (B) and (C) His-BES1 pull-down assays showing the interactions of BES1 with CNT1 (B) or with CCT2 and CNT2 (C). His-BES1 served as bait. MBP, MBP-CNT1, -CCT1, -CCT2, and -CNT2 served as preys. Input images show Coomassie blue staining. Asterisks denote the indicated proteins. Two independent experiments were performed, with similar results. (D) and (E) Co-IP assay showing the blue light-induced interaction of CRY1 with BES1 in Arabidopsis. BL-treated BES1-GFP-Flag-OX seedlings in the wild type ([D] and [E]) or cry1 mutant (E) background were dark-adapted or exposed to blue light (100 μmol m −2 s −1 ) for 1 h, followed by immunoprecipitation with an anti-CCT1 antibody. The IP (CRY1) and co-IP signals (BES1) were detected in immunoblots probed with anti-CCT1 and -Flag antibodies, respectively. (F) Co-IP assay showing blue light-induced interaction of CRY2 with BES1 in Arabidopsis. BES1-GFP-Flag-OX/Myc-CRY2-OX seedlings treated with BL and MG132 were dark-adapted or exposed to blue light (50 μmol m −2 s −1 ) for 1 h, followed by immunoprecipitation with an anti-Myc antibody. The IP (CRY2) and co-IP signals (BES1) were detected in immunoblots probed with anti-Myc and -Flag antibodies, respectively. (G) and (H) His-BES1 pull-down assays showing blue light-specific interactions of CRY1 and CRY2 with BES1. His-BES1 served as bait. Preys were protein extracts prepared from Myc-CRY1-OX (G) and MG132-treated Myc-CRY2-OX (H) seedlings that were dark-adapted and exposed to 100 μmol m −2 s −1 (G) or 50 μmol m −2 s −1 blue light (H), 20 μmol m −2 s −1 red light, or 10 μmol m −2 s −1 far-red light for 1 h, respectively. Two independent experiments were performed, with similar results. (I) His-BES1 pull-down assay showing that CRY1-BES1 interactions are enhanced in response to increasing levels of blue light. His-BES1 served as bait. Preys were Myc-CRY1-containing protein extracts prepared from Myc-CRY1-OX seedlings that were dark-adapted or exposed to blue light for 1 h at the fluence rates noted above the image. Two independent experiments were performed, with similar results.
We performed co-IP assays with these BL-treated seedlings, which were adapted in the dark and then exposed to blue light for 1 h. As shown in Figures 1D and 1E , endogenous CRY1 coprecipitated with dephosphorylated BES1 in extracts from blue light-irradiated BES1-GFP-Flag-OX/WT seedlings, but not from blue light-irradiated BES1-GFP-Flag-OX/cry1 seedlings or dark-grown BES1-GFP-Flag-OX/WT seedlings. We also created transgenic lines overexpressing both Myc-CRY2 and BES1-GFP-Flag (BES1-GFP-Flag-OX/Myc-CRY2-OX) by performing genetic crosses between BES1-GFP-Flag-OX and Myc-CRY2-OX plants, followed by co-IP assays of seedlings treated with BL that were dark-adapted and exposed to blue light for 1 h. CRY2 interacted with dephosphorylated BES1 in blue light, but not in the dark ( Figure 1F ). These results demonstrate that CRY1 and CRY2 interact with BES1 in a blue light-dependent manner in Arabidopsis.
To further investigate the effects of light quality and quantity on the interactions of CRY1 and CRY2 with BES1, we performed His-BES1 pull-down experiments with Myc-CRY1-and Myc-CRY2-containing protein extracts prepared from Myc-CRY1-OX and Myc-CRY2-OX seedlings adapted in darkness and exposed to blue, red, or far-red light. BES1 pulled down CRY1 and CRY2 in extracts prepared from seedlings exposed to blue light ( Figures 1G and 1H ), but not from dark-adapted seedlings or seedlings exposed to red or far-red light. Moreover, the amount of CRY1 pulled down by BES1 increased as the blue light fluence rate increased ( Figure 1I ). Taken together, these results suggest that CRY1 and CRY2 interact with BES1 in a blue light-dependent manner in plant cells.
Photoexcited CRY1 and CRY2 Interact Specifically with Dephosphorylated BES1
Arabidopsis contains two forms of BES1: physiologically active dephosphorylated BES1 and physiologically inactive phosphorylated BES1, which are induced by BL and the BR biosynthesis inhibitor BRZ, respectively (Asami et al., 2000; Yin et al., 2002; Vert and Chory, 2006) . To determine whether phosphorylation affects the interactions of BES1 with CRYs, we performed co-IP assays with blue light-irradiated BES1-GFP-Flag-OX/WT and (BES1-GFP-Flag-OX/Myc-CRY2-OX) seedlings that had been treated with BL or BRZ. Intriguingly, endogenous CRY1 coprecipitated with dephosphorylated BES1, but not with phosphorylated BES1 (Figure 2A) . Similarly, CRY2 specifically coprecipitated with dephosphorylated BES1 ( Figure 2B ), indicating that photoexcited CRY1 and CRY2 interact specifically with dephosphorylated BES1.
To confirm the specific interactions of CRY1 and CRY2 with dephosphorylated BES1, we generated transgenic Arabidopsis plants overexpressing BES1-Flag (BES1-Flag-OX/WT) and performed pull-down assays using MBP-CNT1, -CNT2, -CCT2, and MBP as baits and protein extracts prepared from BES1-Flag-OX/ WT seedlings treated with BL and BRZ as preys. The GST-PP2AB'α fusion protein, which preferably binds to phosphorylated BZR1, served as a control (Tang et al., 2011) . As shown in Figures 2C and 2D , CNT1, CNT2, and CCT2 pulled down dephosphorylated BES1 but not phosphorylated BES1. By contrast, PP2AB'α preferentially pulled down phosphorylated BES1 ( Figure 2E ). Because treatment with calf intestine phosphatase increases the formation of dephosphorylated BES1 (Fankhauser et al., 1999; Yin et al., 2002) , we conducted a pull-down assay using purified phosphorylated and dephosphorylated BES1 proteins as bait or prey, which were obtained through immunoprecipitation of extracts prepared from BRZ-treated BES1-Flag-OX/ WT seedlings using anti-Flag beads and subsequent treatment with or without CIP. When BES1 was used as bait, CNT1 was primarily pulled down by dephosphorylated BES1 (Figure 2F ), whereas PP2AB'α was pulled down by phosphorylated BES1 ( Figure 2G ). When BES1 was used as prey, only dephosphorylated BES1 was pulled down by CNT1 ( Figure 2H ), whereas phosphorylated BES1 was pulled down by PP2AB'α ( Figure 2I ). Taken together, these results demonstrate that CRY1 and CRY2 interact specifically with dephosphorylated BES1.
CRY1 and CRY2 Mediate Blue Light Inhibition of BR Responses
To examine the physiological significance of the interactions of CRY1 and CRY2 with BES1, we analyzed the responsiveness of dark-and blue light-grown wild-type seedlings to BRZ. Dark-grown seedlings showed significantly greater inhibition of hypocotyl elongation in response to BRZ than blue light-grown seedlings (Supplemental Figures 5A and 5B ). We then analyzed the responsiveness of blue light-grown wild-type, cry1, and Myc-CRY1-OX seedlings to BRZ. The cry1 mutant was significantly more responsive to BRZ than the wild type, whereas Myc-CRY1-OX seedlings were significantly less responsive to BRZ than the wild type (Supplemental Figures 5C and 5D ). These results suggest that CRY1-mediated blue light signaling inhibits BR biosynthesis under continuous blue light. To minimize the potential differences in BR contents in wild-type seedlings grown in darkness versus blue light or in cry1, cry2, cry1 cry2, and Myc-CRY1-OX seedlings grown in blue light in subsequent studies, we examined the responsiveness of these seedlings to gradually increasing concentrations of BL in the presence of 2 μM BRZ, the concentration we found to have the greatest inhibitory effect on BR biosynthesis. Blue light-grown wild-type seedlings exhibited much less sensitivity to BL than dark-grown seedlings ( Figure 3A ; Supplemental Figure 6A ). Moreover, as the blue light fluence rate increased, the sensitivity of wild-type seedlings to BL decreased. These results suggest that blue light suppresses BR signaling. Because CRY1 inhibits hypocotyl elongation under both high and low levels of blue light (HBL and LBL), whereas CRY2 represses hypocotyl elongation under LBL , we investigated the involvement of CRY1 and CRY2 in regulating BR responses in HBL and LBL, respectively. Under HBL, as the BL concentration increased, the cry1 mutant showed significantly more responsiveness to BL than the wild type, whereas Myc-CRY1-OX seedlings responded very little to BL (Figures 3B and 3C; Supplemental Figure 6B ) This suggested that CRY1 mediates the inhibition of BR responses by HBL. Under LBL, both the cry1 and cry2 single mutants were more sensitive to BL than the wild type, but the cry1 cry2 double mutant was much more sensitive to BL than the cry1 and (A) Co-IP assay showing the specific interaction of CRY1 with the dephosphorylated form of BES1 in Arabidopsis. Dark-adapted BES1-GFP-Flag-OX seedlings (in the wild type background) were treated with BL or BRZ and exposed to blue light (100 μmol m −2 s −1 ) for 1 h, followed by immunoprecipitation with an anti-CCT1 antibody. The IP (CRY1) and co-IP signals (BES1) were detected in immunoblots probed with anti-CCT1 and -Flag antibodies, respectively. pBES1 and BES1 represent phosphorylated BES1 and dephosphorylated BES1, respectively. (B) Co-IP assay showing the specific interaction of CRY2 with the dephosphorylated form of BES1 in Arabidopsis. Dark-adapted (BES1-GFP-Flag-OX/ Myc-CRY2-OX) seedlings were treated with BL or BRZ and MG132 and exposed to blue light (50 μmol m −2 s −1 ) for 1 h, followed by immunoprecipitation with an anti-Myc antibody. The IP (CRY2) and co-IP signals (BES1) were detected in immunoblots probed with anti-Myc and -Flag antibodies, respectively. (C) to (E) Pull-down assays showing specific interactions of CNT1, CNT2, and CCT2 with the dephosphorylated form of BES1. MBP, MBP-CNT1, -CNT2, -CCT2, and GST-PP2AB'α served as baits. BES1-Flag-containing protein extracts prepared from BES1-Flag-OX/WT seedlings treated with BL or BRZ served as preys. Two or three independent experiments were performed, with similar results. (F) to (I) Pull-down assays showing the interaction of CNT1 with purified dephosphorylated BES1. BES1 and pBES1 were prepared by immunoprecipitation of protein extracts from BRZ-treated BES1-Flag-OX/WT seedlings using anti-Flag beads, followed by treatment with or without calf intestine phosphatase. Flag bead-bound BES1 and pBES1 served as baits ([F] and [G]), and BES1 and pBES1 eluted from the Flag beads served as preys ([H] and [I]). PP2AB'α interacted with purified phosphorylated BES1, which served as a control. Two independent experiments were performed, with similar results. 6C). These results indicate that CRY1 and CRY2 act together to mediate LBL inhibition of BR responses.
BES1 Acts Genetically Downstream of CRY1 and CRY2 to Regulate Hypocotyl Elongation in Blue Light
To evaluate the role of BES1 in regulating photomorphogenic development, we examined hypocotyl elongation in BES1-RNAi seedlings in which both BES1 and BZR1 were downregulated (Yin et al., 2005) in blue, red, and far-red light. As expected, BES1-RNAi seedlings developed significantly shorter hypocotyls than the wild type in darkness, blue, red, and far-red light (Supplemental Figure 7) . We then constructed transgenic Arabidopsis plants overexpressing the same gain-of-function mutant form of BES1 found in the bes1-D mutant (Yin et al., 2002) tagged with Flag (mbes1-Flag-OX) (Supplemental Figure 8A ). We found that the mbes1-Flag-OX seedlings exhibited an enhanced hypocotyl elongation phenotype in blue light (Supplemental Figures 8B and 8C) . These results indicate that BES1 promotes hypocotyl elongation in darkness, blue, red, and far-red light. Next, we introgressed BES1-RNAi into the cry1 cry2 double mutant background by genetic crossing and generated the cry1 cry2 BES1-RNAi line. The cry1 cry2 BES1-RNAi seedlings developed significantly shorter hypocotyls than cry1 cry2 in both LBL and HBL (Figure 4 ; Supplemental Figures 6D and 6E) , especially in HBL. Given the observations that CRY1 and CRY2 interact with BES1 and BZR1 (Figures 1 and 2; Supplemental Figure 3 ) and that CRY1 and CRY2 have other downstream components such as COP1 and SPAs (Lian et al., 2011; Liu et al., 2011; Wang et al., 2001a; Yang et al., 2001) , these results suggest that BES1 and BZR1 act downstream of CRY1 and CRY2 to regulate hypocotyl elongation in blue light.
CRY1 Negatively Regulates the Expression of BES1 Target Genes
Our findings that CRY1 and CRY2 interact with BES1 and that BES1 acts downstream of CRY1 and CRY2 to regulate hypocotyl elongation in blue light suggest that CRYs might regulate the expression of BES1 target genes. To test this possibility, we compared genes regulated by blue light and CRYs (He et al., 2015) with those regulated by BRs (Oh et al., 2014 ) and identified 629 genes that are coregulated by CRY-mediated blue light signaling and BR signaling ( Figure 5A ; Supplemental Data Set 1), including 381 genes (60%) with opposite expression patterns ( Figure 5B ). Gene Ontology (GO) analysis indicated that the GO terms involving responses to growth-promoting hormones including auxin and gibberellins, as well as those involved in cell wall organization or biogenesis, were highly enriched among genes that are positively regulated by BL but negatively regulated by CRY-mediated blue light signaling. By contrast, the genes that were repressed by BL but activated by CRY-mediated blue light signaling are mainly involved in cell wall organization or biogenesis and photosynthesis ( Figure 5C ). We then compared the genes regulated by blue light and CRYs with those regulated by BES1, which were identified in BL-treated bes1-D seedlings (Yu et al., 2011) , and identified 593 genes that were coregulated by CRY-mediated blue light signaling and BES1 ( Figure 5D ; Supplemental Data Set 2), including 368 genes (65%) that exhibited opposite expression patterns ( Figure 5E ).
Next, we chose six BR-activated genes, ACS5, PRE5, PRE6, IAA19, SAUR15 (also known as SAUR-AC1), and SAUR68 (also known as SAUR-AC1-LIKE), which are direct target genes of BES1/BZR1 and promote hypocotyl elongation (Oh et al., 2012; Wang et al., 2016b; Yin et al., 2002; Yu et al., 2011) , and subjected them to RT-qPCR analysis in wild-type and cry1 seedlings. The seedlings were grown in darkness for 5 d and exposed to blue light for 1 h with and without BL treatment. These genes were more strongly upregulated by BL in cry1 than in the wild type (Supplemental Figure 9A) . Moreover, we examined the dynamic changes in the expression of BR biosynthesis genes DWF4 and CPD, which are also direct target genes of BES1 and/or BZR1 and are known to be repressed by BR (Vert and Chory, 2006; Yu et al., 2011) , in wild-type and cry1 seedlings treated with BL under blue light conditions. As shown in Supplemental Figure 9B , the expression levels of DWF4 and CPD were significantly lower in cry1 than in the wild type at 0.5 to 2 h and 0.5 h after BL treatment, respectively. These results suggest that CRY1 regulates the expression of BES1/BZR1 target genes in response to blue light.
CRY1 Inhibits the DNA Binding Activity of BES1
The finding that CRY1 directly interacts with dephosphorylated BES1 to regulate the expression of its target genes and BR responses prompted us to investigate whether CRY1 regulates the DNA binding activity of BES1. To test this possibility, we performed electrophoretic mobility shift assays (EMSAs) to investigate the binding of BES1 to the promoter sequence of the BR signaling marker gene, DWF4, which is also a BES1 target gene (Yu et al., 2011) . Control experiments showed that BES1 bound to the promoter sequence of DWF4, which contains an E-box sequence (CANNTG), in a protein concentrationdependent manner and that the binding capacity was reduced by competition from cold competitor ( Figure 6A ). By contrast, this binding was not detected using His-tagged trigger factor (His-TF). As expected, the intensity of DNA bands whose size shifted in response to BES1 decreased with increasing amounts of CNT1 ( Figure 6B ), but did not with increasing amounts of CCT1. These results indicate that CNT1, but not CCT1, inhibits the DNA binding activity of BES1 in vitro, consistent with the finding that CNT1 but not CCT1 interacts with BES1 ( Figures 1B  and 2C; Supplemental Figures 3A and 3D) .
To further explore whether CRY1 regulates the DNA binding activity of BES1 in planta, we crossed BES1-Flag-OX/WT with cry1 mutant plants and obtained cry1 mutant plants overexpressing BES1-Flag (BES1-Flag-OX/cry1). Unexpectedly, the BES1-Flag protein level was much higher in the wild type than in the cry1 mutant background due to a certain degree of gene silencing (Supplemental Figures 10A and 10B ). We performed ChIP-qPCR (chromatin immunoprecipitation followed by quantitative PCR) assays with BL-treated BES1-Flag-OX/WT and BES1-Flag-OX/ cry1 plants that were first dark-adapted and then exposed to blue light for 1 h. Immunoblot analysis indicated that 1 h of blue light irradiation did not affect the level of dephosphorylated BES1 protein in plants in the wild type and cry1 mutant backgrounds (Supplemental Figure 10C ). We then evaluated the effects of 1 h blue light irradiation on the binding of BES1 to the promoters of BR signaling marker genes DWF4 and SAUR15/SAUR-AC1 (Yu et al., 2011) in the wild-type and cry1 backgrounds. Compared with darkness, 1 h of blue light irradiation led to ∼60% and 10% decreases in the binding of BES1 to DWF4 in the wild type and cry1, respectively ( Figure 6C) . Similarly, 1 h of blue light exposure resulted in ∼74 and 56% decreases in the binding of BES1 to SAUR15 in the wild type and cry1, respectively ( Figure 6D) . These results indicate that the binding of BES1 to both DWF4 and SAUR15 is repressed by photoactivated CRY1, especially its binding to DWF4. These results, together with the finding that CRY1 physically interacts with BES1 in a blue light-dependent manner ( Figures 1D to 1G) , suggest that the blue light-triggered interaction of CRY1 with BES1 results in the inhibited DNA binding activity of BES1 in planta. 
DISCUSSION
The C terminus of CRY1 mediates CRY1 signaling through direct interactions with COP1 and SPA1 (Lian et al., 2011; Liu et al., 2011; Wang et al., 2001a; Yang et al., 2001) . The N terminus of CRY1 serves as a FAD/FMN chromophore binding domain and mediates the homodimerization of CRY1 (Lin et al., 1995; Sang et al., 2005) . We recently showed that the N terminus of CRY1 is involved in mediating CRY1 signaling independently of its C terminus (He et al., 2015) . In this study, our screen for CRY1 N terminus-interacting proteins led to the identification of BIM1 as a new CRY1-interacting protein. This transcriptional regulator interacts with the master transcription factor BES1 in the BR signaling pathway to enhance BES1 activity. This finding prompted us to investigate a possible role for cryptochrome in mediating blue light repression of BR signaling. We successfully identified the molecular link between cryptochrome signaling and BR signaling, which is mediated through a blue light-dependent interaction of CRY1 with BES1. Because BES1 plays a major role in regulating BR signaling and BIM1 appears to enhance BES1 activity (Yin et al., 2005) , we focused on the mechanism by which CRY1 mediates blue light-regulated inhibition of BR signaling through the CRY1-BES1 interaction.
We performed a series of biochemical assays to evaluate the direct interactions of CRY1 and CRY2 with BES1, including yeast two-hybrid, pull-down, protein colocalization, BiFC, and co-IP assays. The combined results from these assays clearly demonstrated that CRY1 and CRY2 interacted specifically with dephosphorylated BES1 in a blue light-dependent manner and that the capacity for the CRY1-BES1 interaction positively correlated with the intensity of blue light. Given the previous finding that the formation of the physiologically active (dephosphorylated) form of BES1 is induced by BR, our results indicate that both blue light and BR signals are required for the interactions of CRY1 and CRY2 with BES1. Both CRY1 and CRY2 interact with COP1 via their C termini (Wang et al., 2001a; Yang et al., 2000) , and CRY1 interacts with SPA1 via its C terminus (Lian et al., 2011; Liu et al., 2011) , whereas CRY2 interacts with SPA1 via its N terminus . This study revealed differences in the domains that mediate the interactions of CRY1 and CRY2 with BIM1 and BES1. It appears that the N terminus of CRY1 (A) Venn diagram showing the sets of genes regulated by BR, blue light, and/or CRYs. BR, genes regulated by brassinosteroid (WT+BL versus WT-BL); Blue, genes regulated by blue light (WT-blue versus WT-dark); CRYs, genes regulated by CRY1 and CRY2 (WT versus cry1 cry2), respectively. (B) Heat map of the 629 overlapping genes shown in (A) regulated by BR, blue light, and CRYs. Red and green represent induced and repressed genes, respectively. The colored bar beneath the map denotes the log 2 value of fold change. (C) GO analysis of genes shown in (B) that are downregulated by CRYs and upregulated by BR or upregulated by CRYs and downregulated by BR. The numbers on each column denote the percentage of genes in each GO category. (D) Venn diagram showing the overlapping genes among genes regulated by blue light, CRYs, and BES1. BES1, blue, and CRYs indicate genes regulated by BES1, blue, and CRYs, respectively. BES1, genes regulated by BES1 (bes1-D+BL versus WT+BL); Blue, genes regulated by blue light (WT-blue versus WT-dark); CRYs, genes regulated by CRY1 and CRY2 (WT versus cry1 cry2). (E) Heat map of the 593 overlapping genes shown in (D) regulated by blue light, CRYs, and BES1. Red and green represent induced and repressed genes, respectively. The colored bar beneath the map denotes the log 2 value of fold change.
mediates the interactions of CRY1 with BIM1 and BES1, whereas both the N and C termini of CRY2 mediate the interactions of CRY2 with BIM1 and BES1.
Our analysis of the responsiveness of wild type, cry1, cry2, cry1 cry2, and CRY1-overexpressing seedlings to BL suggested that blue light inhibits BR responses and that CRY1 and CRY2 are responsible for mediating this process. Based on previous studies and these results, we conclude that CRY1 plays a role in inhibiting BR signaling under both high and low intensities of blue light, whereas CRY2 mainly mediates the repression of BR signaling by low intensities of blue light. Analysis of hypocotyl elongation phenotype of BES1-RNAi and mbes1-overexpressing seedlings under monochromatic light conditions demonstrated that BES1 promotes hypocotyl elongation in blue, red, and far-red light. Genetic interaction analysis of CRY1 and CRY2 with BES1 and BZR1 supported our conclusion that BES1 acts downstream of CRY1 and CRY2 to regulate hypocotyl elongation under blue light conditions. Consistent with the results of biochemical, physiological, and genetic analyses, genome-wide gene expression analysis indicated that CRY1 and CRY2 mediate blue light regulation of numerous BR-responsive genes and that a large proportion of BES1-regulated genes are regulated oppositely by CRY1 and CRY2. Furthermore, protein-DNA binding analyses, such as EMSA and ChIP-qPCR assays, in conjunction with proteinprotein interaction analysis, indicated that the blue light-triggered CRY1-BES1 interaction results, consecutively, in the inhibition of the DNA binding activity of BES1, the repression of BES1 target gene expression, and the suppression of hypocotyl elongation. Taken together, we conclude that the signaling mechanism of Arabidopsis cryptochromes involves the inhibition of BR signaling through blue light-dependent and BR-induced interactions of cryptochromes with BES1. Interestingly, analysis of the genes coregulated by CRY1, CRY2, and BES1 (Supplemental Data Set 1) suggested that the expression of auxin-responsive genes is repressed by CRY1 and CRY2 but induced by BES1 ( Supplemental Table 1) , consistent with recent studies showing that CRY1 mediates blue light-inhibited auxin signaling (Xu (C) and (D) ChIP-qPCR assay showing that CRY1 inhibits the DNA binding activity of BES1 in Arabidopsis. ChIP-qPCR was performed with BES1-Flag-OX seedlings in the wild type and cry1 mutant background treated with BL for 3 h and dark-adapted or exposed to blue light (100 μmol m −2 s −1 ) for 1 h. The promoter fragments of DWF4 (C), SAUR15 (D), and TA3 (negative control) were immunoprecipitated with an anti-Flag antibody. IP/input was calculated via a comparison with the Ct values between the immunoprecipitate and input, and relative enrichment was normalized to the negative control TA3. Data are mean values of three biological replicates ± sd. et al., 2018), whereas BES1-mediated BR signaling promotes auxin signaling (Tian et al., 2018) .
A recent study demonstrated that the UV-B receptor UVR8 interacts with both BIM1 and BES1 to regulate transcription and BR signaling (Liang et al., 2018) . Notably, there are differences between the mechanisms underlying CRY1, CRY2, and UVR8 signaling. Specifically, CRY1 and CRY2 interact with SPA1 (Lian et al., 2011; Liu et al., 2011) and BIM1 and BES1 (this report) in a blue light-dependent manner, whereas UVR8 interacts with BIM1 and BES1 regardless of the presence of UV-B light (Liang et al., 2018) . It is likely that blue light irradiation triggers a redox reaction and activates CRY1 and CRY2 through blue lightinduced conformational changes and dimerization (Cashmore et al., 1999; Wang et al., 2016a) , whereas UV-B light activates UVR8 by promoting its monomerization and nuclear localization (Kaiserli and Jenkins, 2007; Rizzini et al., 2011) . We speculate that phytochrome interacts with BIM1 and BES1 to regulate BR signaling based on the following findings: (1) PhyB interacts with the known CRY1-interacting proteins such as COP1 and SPAs (Seo et al., 2004; Jang et al., 2010; Lu et al., 2015; Sheerin et al., 2015) ; (2) CRY1 and phyB directly interact with AUX/IAA proteins in a blue and red light-dependent manner, respectively, to stabilize these proteins and inhibit auxin signaling (Xu et al., 2018) ; (3) CRY1, CRY2, and UVR8 interact with BIM1 and BES1 to inhibit BR signaling (Liang et al., 2018; this report) ; and (4) BES1 regulates photomorphogenesis in blue, red, and far-red light (this report). BES1 and BZR1, the major transcription factors involved in BR signaling, play essential roles in regulating BR-responsive gene expression. These proteins can be directly phosphorylated by BIN2 kinase or dephosphorylated by PP2A Yin et al., 2002; Zhao et al., 2002; Tang et al., 2011) . In this study, we found that BES1 promotes hypocotyl elongation in blue, red, and far-red light. Given the findings that BL treatment rapidly induces the dephosphorylation of BES1 and BZR1 in planta Yin et al., 2002) and that BRZ treatment or defects in BR biosynthesis or BR signaling result in the phosphorylation of BES1 and /BZR1 (Asami et al., 2000; Wang et al., 2002; Yin et al., 2002) , we conclude that the activation of BR signaling leads to the formation of physiologically active dephosphorylated BES1 and BZR1. In this study, we showed how BR signaling is involved in light-regulated plant development by demonstrating that the DNA binding activity of BES1 is inhibited by the direct interaction of photoactivated cryptochrome with dephosphorylated BES1. Because BIM1 cooperates with and enhances BES1 activity (Yin et al., 2005) , it is possible that the CRY1-BIM1 interaction results in the inhibition of BES1 activity.
Based on previous and current findings, we propose a model describing how CRY1 inhibits BR signaling to repress hypocotyl elongation. According to this model, when BR is available, BES1 is largely dephosphorylated. In darkness, CRY1 is inactive and unable to interact with dephosphorylated BES1. BES1 is thus able to induce the expression of growth-promoting genes, thereby enhancing hypocotyl elongation ( Figure 7A ). Upon blue When BR is available, BES1 is largely dephosphorylated. In the dark (A), CRY1 is inactive and unable to inhibit BR signaling because it is not capable of interacting with dephosphorylated BES1. In the light (B), CRY1 is activated and interacts with dephosphorylated BES1 via the CRY1 N terminus (CNT1) to inhibit its DNA binding activity (left side). When BR is unavailable, BES1 is largely phosphorylated. Photoactivated CRY1 is not able to interact with phosphorylated BES1 (right side). Thicker and thinner red arrows indicate higher and lower levels of gene expression, respectively. +BR and −BR indicate the availability and unavailability of BR in plants, respectively. Larger and smaller font sizes for BES1 represent higher and lower levels of dephosphorylated or phosphorylated BES1, respectively. light irradiation, CRY1 undergoes conformational changes and becomes activated and is therefore able to interact with dephosphorylated BES1 through its N terminus to inhibit its DNA binding activity. As a result, the expression of growth-promoting genes is repressed and hypocotyl elongation is inhibited ( Figure 7B, left  panel) . However, when BR is not available, BES1 is largely phosphorylated, and photoactivated CRY1 is not able to interact with phosphorylated BES1 (Figure 7B, right panel) . We interpret the finding that CRY1 interacts specifically with dephosphorylated BES1 in a blue light-dependent manner to mean that the interaction of CRY1 with BES1 is dependent on the availability of both light and BR signals in plants. This is biologically meaningful because only photoexcited CRY1 and BR-induced dephosphorylated BES1 are physiologically active. Such a strictly regulated interaction mechanism would give plants the ability to optimize growth and development according to the availability of external light signals and internal BR signals in nature. Given our findings that dark-grown wild-type Arabidopsis seedlings were much more sensitive to BRZ than light-grown seedlings (Supplemental Figure 5A ) and that cry1 seedlings were significantly more responsive to BRZ than wild type in blue light (Supplemental Figure 5B) , it is possible that CRY1 is involved in repressing BR biosynthesis under constant blue light conditions. Interestingly, expression analysis of the BR biosynthesis genes DWF4 and CPD suggested that, in response to short periods of blue light irradiation, CRY1 inhibits the repression of BR biosynthesis gene expression by BR (Supplemental Figure 9B ). This suggests that CRY1 represses the feedback inhibition loop of BR biosynthesis under transient blue light conditions. Additional studies will be needed to confirm these possibilities and to evaluate their biological significance.
METHODS
Plant Materials and Growth Conditions
All Arabidopsis thaliana plants used in this study were of the Columbia ecotype. The cry1, cry2, and cry1 cry2 mutants, the transgenic lines overexpressing Myc-tagged full-length CRY1 and CRY2 (Myc-CRY1-OX and Myc-CRY2-OX), and the BES1-RNAi line were described previously (Yang et al., 2001; Mao et al., 2005; Sang et al., 2005; Yin et al., 2005) . The MCS (multiple cloning site)-3×Flag from the pBS-3×Flag (Liu et al., 2008) fragment was cloned into the plant expression vector pHB to generate pHB-3×Flag. The full-length cDNA sequences encoding BES1 and its gain-of-function mutant, mbes1 (Yin et al., 2005) , were constructed into pHB-3×Flag to generate constructs overexpressing BES1-Flag and mbes1-Flag (Pro35S:BES1-Flag and Pro35S:mbes1-Flag), respectively. A fragment encoding the BES1-GFP-Flag/mbes1-GFP-Flag fusion protein was cloned into plant expression vector pKYL71 (Schardl et al., 1987) to generate the constructs Pro35S:BES1-GFP-Flag and Pro35S:mbes1-GFP-Flag. All constructs were confirmed by DNA sequencing. All primers used for vector construction in this study are listed in Supplemental Data Set 3.
All constructs were transferred into Agrobacterium tumefaciens strain GV3101. Transgenic lines overexpressing BES1-GFP-Flag, mbes1-GFP-Flag, BES1-Flag, and mbes1-Flag in the wild-type background (BES1-GFP-Flag-OX, mbes1-GFP-Flag-OX, BES1-Flag-OX, and mbes1-Flag-OX) were screened on MS plates containing either 100 mg/mL kanamycin or 50 mg/mL hygromycin. The Pro35S:BES1-GFP-Flag, Pro35S:BES1-Flag, and BES1-RNAi transgenes in the wild-type background were introgressed into the cry1 or cry1 cry2 mutant background by genetic crossing, respectively, to generate BES1-GFP-Flag-OX/cry1, BES1-Flag-OX/cry1, and cry1 cry2 BES1-RNAi plants. These were confirmed by phenotypic and/or immunoblot analysis. A transgenic line overexpressing both BES1-GFP-Flag and Myc-CRY2 (BES1-GFP-Flag-OX/Myc-CRY2-OX) was obtained by genetic crossing between BES1-GFP-Flag-OX and Myc-CRY2-OX plants and confirmed by immunoblot analysis.
Imbibed seeds were stored at 4°C for 3 d and grown on half-strength MS nutrient medium (Murashige and Skoog, 1962) plus 1% sucrose with 0.8% agar at 22°C under white light (100 μmol m −2 s −1 ). Monochromatic blue, red, and far-red lights were generated from blue LEDs (λ max = 469 nm), red LEDs (λ max = 680 nm), and far-red LEDs (λ max = 730 nm) of an LED screen (Qiding), as described previously (Kang et al., 2009) . Light spectra and intensity were measured with a HandHeld spectroradiometer (ASD) and a Li250 quantum photometer (Li-Cor) .
Yeast Two-Hybrid Assays GAL4 yeast two-hybrid screening and yeast two-hybrid assays were performed according to the manufacturer's instructions (Matchmaker; Clontech). The Arabidopsis cDNA library cloned in the prey vector pGAD-T7 (AD) was produced by OE BioTech. The bait plasmid pGB-KT7 (BD) and the prey library DNA were cotransformed into yeast strain AH109 (Saccharomyces cerevisiae). Approximately 1 × 10 7 transformants were screened each time to select colonies grown in blue light with 10 mM 3-amino-1,2,4-triazole.
For the yeast two-hybrid assay, the cDNAs of CNT1, CCT1, CRY2, CNT2, CCT2, BES1, and BZR1 were cloned into the BD vector, and the cDNAs of CRY1, COP1, BES1, and BIM1 were cloned into the AD vector. Combinations of BD and AD vectors were cotransformed into AH109 cells via polyethylene glycol/lithium acetate transformation (Gietz et al., 1992) . Transformed yeast cells were spread onto synthetic dropout nutrient medium (SD)-Trp/Leu/His/Ade (SD-T-L-H-A) plates supplemented with 10 mM or 5 mM 3-amino-1,2,4-triazole. Half of the plates were exposed to blue light (30 μmol m −2 s −1 ), and the other half were kept in the dark for the interaction test (Luo et al., 2014; Xu et al., 2016) . At least three independent experiments were performed, and the results of one representative experiment are shown.
Protein Colocalization Analyses
Construction of the Pro35S:CFP, 35S:YFP, Pro35S:CRY1-YFP, Pro35S: CRY2-YFP, and Pro35S:CFP-SPA1 cassettes was described previously (Lian et al., 2011; Luo et al., 2014; Lu et al., 2015) . The Pro35S:GUS-NLS-YFP, Pro35S:BIM1-CFP, Pro35S:BIM1ΔNT-CFP, Pro35S:BIM1ΔCT-CFP, Pro35S:BIM1ΔbHLH-CFP, Pro35S:BZR1-CFP, Pro35S:YFP-NLS-GUS-CCT1, and Pro35S:YFP-NLS-CNT1 cassettes were cloned into the pHB vector. GV3101 cultures harboring constructs expressing CFP fusion proteins, YFP fusion proteins, and the gene silencing repressor p19 were mixed at a ratio of 1:1:1 and introduced into tobacco (Nicotiana tabacum) leaves by infiltration. Protein colocalization was detected by confocal microscopy (Leica TCSSP5II confocal laser scanning microscope).
BiFC Assays
The vectors pXY104 and pXY106 were used to produce constructs for the BiFC assays, and they carry fragments encoding the C-and N-terminal halves of YFP (cYFP and nYFP), respectively (Luo et al., 2014; Lu et al., 2015) . Construction of the Pro35S:nYFP-SPA1 cassettes was described previously (Lu et al., 2015) . The cDNA fragments encoding CRY1, CNT1, CCT1, BES1, and BZR1 were fused to the fragment encoding the C terminus of YFP, and the fragments encoding CRY1, CRY2, CCT1, and BES1 were fused to the fragment encoding the N terminus of YFP. All vectors were transformed into Agrobacterium strain GV3101. GV3101 cultures harboring constructs expressing nYFP fusion proteins and cYFP fusion proteins were mixed at a ratio of 1:1 and introduced into tobacco leaves through infiltration. BiFC signals were detected by confocal microscopy as described above.
Pull-Down Assays Using Purified Proteins
Pull-down assays were performed as described previously with minor modifications (Xu et al., 2016) . The CNT1, CCT1, CNT2, CCT2, BES1, and BIM1 cDNA fragments were individually cloned into the pMAL-c2X, pET21a, or pGEX-4T-1 vector. MBP-CNT1 (residues 1-489), MBP-CCT1 (residues 490-681), MBP-CNT2 (residues 1-485), MBP-CCT2 (residues 486-612), GST-BIM1, and His-BES1 proteins were expressed in Escherichia coli (BL21). MBP-CNT1, MBP-CCT1, MBP-CNT2, and MBP-CCT2 fusion proteins were purified according to the protocol from the manufacturer (NEB). Bait proteins GST-BIM1 and His-BES1 were incubated with GST beads (GE) or Ni-NTA Agarose (Qiagen) in non-EDTA buffer (20 mM Tris-HCl, pH 7.5, and 100 mM NaCl) at 4°C for 2 h and then washed three times with the same buffer. The beads were resuspended in 1 mL non-EDTA buffer, and 50 to 100 ng of MBP, MBP-CNT1, MBP-CCT1, MBP-CNT2, or MBP-CCT2 prey protein was added to the solution. The mixture was incubated at 4°C for 1 h and rinsed three times. Proteins were eluted into SDS loading buffer and examined by immunoblot analysis. Prey proteins were detected using an anti-MBP antibody (NEB catalog no. E8032S; 1:1000), and bait proteins were visualized by Coomassie Brilliant Blue staining.
Pull-Down Assays Using Protein Extracts from Seedlings
To investigate the blue light specificity of the CRY1-BIM1 and CRY1/ CRY2-BES1 interactions, His-BES1 and GST-BIM1 bait proteins were incubated with 10 μL Ni-NTA agarose beads and 10 μL GST agarose beads for 1 h and washed three times with lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.2% Triton X-100). The prey was protein extracts from Myc-CRY1-OX and MG132-treated Myc-CRY2-OX seedlings that were dark-adapted for 4 d and then either kept in darkness for 1 h or exposed to 100 μmol m −2 s −1 (Myc-CRY1-OX) or 50 μmol m −2 s −1 blue light (Myc-CRY2-OX), 20 μmol m −2 s −1 red light, or 10 μmol m −2 s −1 far-red light for 1 h. (Note that MG132 inhibits the 26S proteasome, which is used to inhibit the degradation of Myc-CRY2 protein triggered by blue light.) To investigate the dependence of the CRY1-BES1 interaction on the blue light fluence rate, protein extracts from Myc-CRY1-OX seedlings that were dark-adapted for 4 d and then either kept in darkness for 1 h or exposed to different fluence rates of blue light for 1 h were used as prey. All seedlings were homogenized in lysis buffer plus 1 mM Pefabloc (Roche Diagnostics) and Cocktail (Roche Diagnostics) and 50 μM MG132 (Merck). After centrifugation, the supernatant was incubated with BES1 protein-bound Ni-NTA agarose beads or BIM1 protein-bound GST beads for 30 min and washed four to five times with 1 mL lysis buffer for each time. The precipitates were eluted into 20 μL SDS 1× loading buffer and subjected to immunoblot analysis with an anti-Myc antibody (Millipore; catalog no. 05-724; 1:2000) .
To analyze the effects of phosphorylation of BES1 on its interactions with CNT1/CNT2/CCT2, MBP, MBP-CNT1, MBP-CNT2, MBP-CCT2, GST, and GST-PP2AB'α proteins were used as baits, with MBP, GST, and GST-PP2AB'α serving as controls. The proteins were incubated with 10 μL MBP agarose beads (NEB) and GST agarose beads (GE) for 1 h and washed three times. Protein extracts from BES1-Flag-OX/WT seedlings, which were grown on half-strength MS plates supplemented with or without 2 μM BRZ in white light (100 μmol m −2 s −1 ) for 5 d, dark-adapted for 3 d, treated with or without BL, and incubated in darkness for 3 h before exposure to 100 μmol m −2 s −1 blue light for 1 h, served as prey. All seedlings were harvested in dim green safe light and homogenized in lysis buffer. After centrifugation, the supernatant was incubated with the baits for 30 min and washed four to five times with 1 mL lysis buffer each time. The precipitates were eluted into 20 μL SDS 1× loading buffer and subjected to immunoblot analysis with an anti-Flag antibody (Sigma-Aldrich; catalog no. F3165; 1:4000).
To analyze the interactions of the immunoprecipitated phosphorylated BES1 (pBES1) and dephosphorylated BES1 (BES1) with CNT1, pBES1 and BES1 were prepared as follows: BES1-Flag-OX/WT seedlings were grown on half-strength MS plates supplemented with 2 μM BRZ in white light (100 μmol m −2 s −1 ) for 5 d, dark-adapted for 3 d, and then exposed to 100 μmol m −2 s −1 blue light for 1 h. The protein extracts from these BRZ-treated seedlings were immunoprecipitated with anti-Flag M2 Affinity Gel and treated with or without calf intestine phosphatase (NEB) (Yin et al., 2002) . At this point, pBES1 and BES1 were bound to the Flag beads, which served as baits. His-TF-CNT1 and GST-PP2AB'α were used as preys and were incubated with these baits for 30 min and washed four to five times with 1 mL lysis buffer each time. The precipitates were eluted into 20 μL SDS 1× loading buffer and subjected to immunoblot analysis with anti-His (mouse monoclonal; catalog no. 28004; 1:2000) and -GST antibodies (JiangLai Biological; catalog no.AbM59001-2H5-PU; 1:1000). When pBES1 and BES1 were used as preys, these proteins were prepared by washing the Flag bead-bound pBES1 and BES1 three times with lysis buffer and eluting the protein from the beads with 0.5 μg/μL 3×Flag peptide (Sigma-Aldrich) in 20 μL lysis buffer. The eluted pBES1 and BES1 proteins, which were attached to Ni-NTA agarose beads and GST beads, respectively, were incubated with bait proteins His-TF-CNT1 and GST-PP2AB'α for 30 min and washed four to five times with 1 mL lysis buffer each time. The precipitates were eluted into 20 μL SDS 1× loading buffer and subjected to immunoblot analysis with an anti-Flag antibody (Sigma-Aldrich; catalog no. F3165; 1:4000).
Co-IP Assays
Co-IP assays in Arabidopsis were performed as described previously (Lian et al., 2011) , with minor modifications. For the co-IP assay of the blue light-dependent CRY1-BES1 interaction, BES1-GFP-Flag-OX/WT or BES1-GFP-Flag-OX/cry1 seedlings were grown in white light (100 μmol m −2 s −1 ) for 4 to 5 d and dark-adapted for 3 d. Half of the dark-adapted BES1-GFP-Flag-OX/WT and BES1-GFP-Flag-OX/cry1 seedlings treated with 1 μM BL were incubated in darkness for 3 h before being exposed to 100 μmol m −2 s −1 blue light for 1 h, and the other half were incubated in darkness for 4 h. For the co-IP assay of specific interactions of CRY1 and CRY2 with dephosphorylated BES1, BES1-GFP-Flag-OX/WT and BES1-GFP-Flag-OX/Myc-CRY2-OX seedlings were grown on halfstrength MS plates supplemented with or without 2 μM BRZ in white light (100 μmol m −2 s −1 ) for 5 d, dark-adapted for 3 d, treated with or without BL, and then kept in darkness for 3 h before being exposed to 100 or 50 μmol m −2 s −1 blue light for 1 h. All seedlings were harvested under a dim green safe light (bulb type: QD-058G54-220, fluence rate: 25 μmol m −2 s −1 , spectral quality: 520-525 nm) and homogenized in lysis buffer (Luo et al., 2014) . Total protein concentrations were determined by the Bradford assay (Bio-Rad), and equal amounts of total protein in 1 mL of lysis buffer were incubated with anti-CCT1 antiserum attached to Dynabeads protein G beads (GE Healthcare) or anti-Myc agarose beads (Sigma-Aldrich) at 4°C for 2 h. The immunoprecipitates were washed two to three times with wash buffer (Luo et al., 2014) and the eluted into 20 μL SDS 1× loading buffer and subjected to immunoblot analysis with anti-CCT1, anti-Flag (Sigma-Aldrich), or anti-Myc (Millipore) antibodies.
For the co-IP assays in tobacco cells, the Pro35S:Myc-CRY1, Pro35S:Myc-CRY2, and Pro35S:cLUC (residues 322-550), NLS-Flag cassettes were constructed as described previously Xu et al., 2016) . The Pro35S:BES1-Flag and Pro35S:BIM1-Flag cassettes were cloned into pHB. The fragment encoding 6×Myc was cloned into pHB to generate pHB-6×Myc. For anti-Flag IP, Flag-tagged BIM1/BES1 proteins were coexpressed with Myc-CRY1 or Myc-CRY2 in tobacco leaves. Equal amounts of total protein in 1 mL of lysis buffer from tobacco cells coexpressing BIM1-Flag and Myc-CRY1 or BES1-Flag and Myc-CRY1/Myc-CRY2 were incubated with 10 μL anti-Flag M2 Affinity Gel (Sigma-Aldrich) at 4°C for 2 h. The precipitates were eluted into 20 μL SDS 1× loading buffer and subjected to immunoblot analysis with anti-Myc (Millipore) and anti-Flag (Sigma-Aldrich) antibodies.
BL and BRZ Treatments
BL and BRZ (Sigma-Aldrich) stocks were prepared in 80% ethanol or DMSO. Wild-type, cry1, cry2, cry1 cry2, and Myc-CRY1-OX seedlings were grown on 0.5× MS plates supplemented with a gradient of concentrations of BRZ (0, 0.1, 0.2, 0.5, 1.0, and 2.0 μM) or a gradient of concentrations of BL (0, 1, 10, 100, and 1000 nM) plus BRZ (2 μM) at 4°C for 3 d, incubated in white light overnight, and transferred to blue, red, or far-red light for an additional 5 to 6 d. The seedlings were photographed, and hypocotyl lengths were measured with Image J software.
RT-qPCR
Total RNA was isolated with an RNAprep Plant kit (Tiangen) and reversetranscribed to cDNA using an iScript cDNA synthesis kit (Bio-Rad). SYBR Premix Ex Taq II (TaKaRa) was used for qPCR on a CFX96 real-time system (Bio-Rad). The reaction conditions included 40 to 50 amplification cycles (30 s at 94°C; 5 s at 94°C; 30 s at 60°C). Three technical replicates were performed for each cDNA sample. The relative quantification was calculated with the 2 −ΔΔCt method using ACT2 and ACT7 as the reference genes (Zhang et al., 2014) . The primers used are listed in Supplemental  Table 2 .
EMSAs
EMSA was performed with 100 ng of His-BES1, His-TF, His-TF-CCT1, or His-TF-CNT1, which was expressed in E. coli, concentrated, and purified with Ni-NTA Agarose (Qiagen) and Amicon Ultra centrifugal filter units (Ultra-4; MWCO:10 kD) (Merck Millipore; catalog no. UFC801024). Biotin-labeled probes were obtained by synthesizing, annealing, and labeling the probes with biotin, followed by annealing. The binding reaction was performed in 20 μL binding buffer [10× binding buffer, 100 mM MgCl 2 , 1 µg/μL poly (dI·dC), and 1% Nonidet P-40] with 200 fmol probe and 100 ng His-BES1 protein according to the manufacturer's instructions (Thermo Scientific) (Zhang et al., 2014) . After 20 min incubation at room temperature, the reactions were resolved by 6% native polyacrylamide gel electrophoresis at 4°C, and the DNA-protein complexes were transferred to a nylon membrane (GE Healthcare). Biotin-labeled probes were detected with HRP-conjugated streptavidin and visualized with an ECL detection kit.
ChIP-qPCR
ChIP was performed as described previously (Zhang et al., 2014) with minor modifications. Briefly, wild-type, BES1-Flag-OX/WT, and BES1-Flag-OX/cry1 seedlings were grown in white light (100 μmol m −2 s −1 ) for 4 to 5 d and placed in darkness for an additional 2 to 3 d. Half of the BES1-Flag-OX/WT and BES1-Flag-OX/cry1 seedlings were treated with 1 μM BL in darkness for 3 h before being exposed to 100 μmol m −2 s −1 blue light for an additional 1 h, and the other half of these seedlings were treated with 1 μM BL and kept in darkness for 4 h. Wild-type seedlings were treated with 1 μM BL and incubated in darkness for 3 h before being exposed to 100 μmol m −2 s −1 blue light for 1 h. All seedlings were harvested in the dim green safe light described above or in blue light (100 μmol m −2 s −1 ) and fixed in fixation buffer by vacuum infiltration at 4°C. Glycine was added to the samples to a final concentration of 0.125 M under a vacuum to stop the reaction. The sonicated protein-DNA complexes were immunoprecipitated with an anti-Flag antibody (Sigma-Aldrich). The resulting DNA was used for qPCR. SYBR Premix Ex Taq II (TaKaRa) was used for qPCR on a CFX96 real-time system (Bio-Rad). The reaction conditions included 40 to 50 amplification cycles (30 s at 94°C; 5 s at 94°C; 30 s at 60°C). Three technical replicates were performed for each cDNA sample. The relative quantification was calculated with the 2 −ΔΔCt method. IP/input was calculated by comparing the Ct values between immunoprecipitates and input. The TA3 fragment was used as a control (Yin et al., 2005) .
RNA-Seq Data Processing
Venn diagrams were generated using Venny (http://bioinfogp.cnb.csic. es/tools/venny/index.html). Heat maps were generated by hierarchical clustering analysis using MeV 4.7 software. GO enrichment analysis was performed using agriGO (http://bioinfo.cau.edu.cn/agriGO/). The significantly enriched GO terms of the DEGs were identified by FDR (q-value) < 0.05 (Wang et al., 2016b) .
Accession Numbers
Sequence data from this article can be found in the EMBL/GenBank database or the Arabidopsis Genome Initiative database under the following accession numbers: CRY1 (AT4G08920), CRY2 (AT1G04400), BIM1 (AT5G08130), BES1 (AT1G19350), BZR1 (AT1G75080), ACS5 (AT5G65800), PRE5 (AT3G28857), PRE6 (AT1G26945), IAA19 (AT3G15540), SAUR15 (AT4G38850), SAUR68 (AT1G29490), DWF4 (AT3G50660), and CPD (AT5G05690). The accession numbers of the previously produced microarray or RNA-seq data sets used in this study are GSE58552 [blue (WT-blue versus WT-dark), CRYs (WT versus cry1 cry2)] (He et al., 2015) , and GSE51772 [(BL (WT+BL versus WT-BL)] (Oh et al., 2014) . The RNA-seq data showing BES1-regulated genes (bes1-D+BL versus WT+BL) were from Yu et al. (2011) .
Supplemental Data
Supplemental Figure 1 . CRY1 Physically Interacts with BIM1 through Its N Terminus. 
